Properties of synapses on regenerating nerve terminals of the single excitatory axon to the stretcher muscle were studied in the regenerating second walking leg of the shore crab, Grapsus. In the adult condition these synapses vary in physiological properties, ranging from high release, poorly facilitating types to low release, highly facilitating types. Synapses on regenerating stretcher-muscle fibers show a distinct temporal pattern of differentiation. In early limb buds, a characteristic fluctuating, excitatory postsynaptic potential, punctuated by failures of transmission, is seen, indicating a developmentally "naive" synapse with low quantal content. In these early stages proportionately more synapses are of the poorly facilitating type; the highly facilitating synapses appear increasingly in later stages. Thus, the type of synapse that will form seems likely to be related to the time of innervation. Synapses of early developmental stages found by electron microscopy are significantly smaller than those seen in adult muscles; thus, the synaptic contact area must increase during development. We postulate that contacts formed by the primary branches of the axon early in development differentiate into relatively large, poorly facilitating synapses, while contacts formed by secondary branches slightly later in development differentiate into smaller, highly facilitating synapses.
Formation and development of neuromuscular synapses have recently been studied in tissue cultures of vertebrate (1) (2) (3) (4) (5) (6) (7) (8) and invertebrate (9) species. These studies have yielded physiological and morphological information on the de novo formation of neuromuscular synapses under controlled conditions. In tissue culture, developing axons make visible contact with developing muscle cells, establishing ultrastructurally recognizable neuromuscular synapses at the points of contact. Initially, such synapses have a low quantal content of transmission, but those that remain functional show increased quantal content as time goes on, suggesting some sort of synaptic consolidation (4, 5) .
Though such in vitro studies provide a basis for extrapolation to the in vivo situation, it is desirable to obtain more information on synaptogenesis during normal development. In the present work, such a study was made on regenerating crustacean limb muscles.
The "stretcher" muscle in regenerating limbs of the shore crab Grapsus was examined at several stages of development. Previously (10) , it was shown that the single excitatory axon to this muscle provides a heterogeneous set of synapses to the constituent muscle fibers in the adult condition. Some synapses generate relatively large excitatory postsynaptic potentials (EPSPs), while others produce small, highly facilitating EPSPs. In the regenerating stretcher muscle, we observed physiological and morphological synaptic maturation that corresponds generally to that reported for tissue cultured material from other species. In addition, we found a sequential appearance of different synaptic types that is apparently related to time of innervation and to the branching pattern of the axon. Axon terminals forming functional neuromuscular contacts early in development produce synapses that generate large, poorly facilitating EPSPs, while terminals forming later functional contacts give rise to synapses that generate small facilitating EPSPs. Present evidence indicates also that both the increase in synaptic quantal content of transmission during maturation, and the difference in quantal content at low frequencies between facilitating and poorly facilitating synapses, may be determined in part by size of synaptic contact.
MATERIALS AND METHODS
Specimens of Grapsus grapsus L. were collected on rocky shores of Bermuda and kept in aquaria supplied by running sea water. Second walking legs were autotomized and within a few days papillae formed, which subsequently grew into limb buds. The limb bud soon became a complete limb in miniature, folded upon itself and enclosed in a tough translucent capsule (11) . Neuromuscular preparations were made by cutting the limb bud from its coxal attachment and opening the capsule. The main leg nerve was exposed in the meropodite by removal of the uncalcified exoskeleton, the flexor muscle, and associated membranes. A window cut in the carpopodite exposed the stretcher muscle. Conventional methods were used to stimulate the nerve and record EPSPs from single muscle fibers.
The developmental stage of the limb bud was estimated by use of the "R value" formulated by Bliss (11) : R = (limb bud length/carapace width) X 100. The R value measures the rate of regeneration and compensates for differences in size amongst individual crabs. The limb bud is at its maximum length just before molting, and the R value calculated at this stage, i.e., the premolt R value, is constant for each set of walking legs for each species of crab so far examined. In Grapsus the second walking leg has a premolt R value of 32. Limb buds of the second walking leg used in these experiments had R values ranging from 7 to 29. Limb-bud muscles were prepared for electron microscopy by fixing the muscles in situ by methods described elsewhere 822 Abbreviations: IPSP and EPSP, inhibitory and excitatory postsynaptic potentials, respectively; Fe index of facilitation. (12) . Sections were cut with a diamond knife on a LKB ultramicrotome, stained with uranyl acetate and lead citrate, and examined with a Phillips EM 200 electron microscope.
Good fixation was difficult to achieve with this material, but it was sufficient to allow examination of synaptic regions.
RESULTS
Numerous fibers were penetrated with microelectrodes in limb buds at various stages of development. We tested the fibers for presence or absence of functional innervation by looking for spontaneous miniature EPSPs, spontaneous miniature inhibitory postsynaptic potentials (IPSPs), and for EPSPs and IPSPs evoked through stimulation of the leg nerve ( Fig. 1A and B ). In the smallest limb buds tested (R = 7), only 50% of the fibers impaled showed evidence of functional innervation. The percentage of innervated fibers increased to 80% in limb buds with R = 8, to 86% in limb buds with R = 10, and to 100% in limb buds with R = 11 or greater. These observations established a temporal sequence in the percentage of innervated muscle fibers during regeneration. Many innervated fibers in small limb buds showed evidence of both excitatory and inhibitory innervation, and it is likely that the two types of innervation appear at nearly the same time on any given muscle fiber. Excitatory and inhibitory axons probably grow and branch together. The adult patterns of synaptic differentiation (10) and the frequent proximity of excitatory and inhibitory synapses in adult muscles (13) also support this conclusion.
EPSPs evoked in fibers of small limb buds (R = 7) fluctuated greatly in amplitude, with frequent total failures of transmission at both low and high frequencies of stimulation ( Fig. 1B) . Such responses indicate a low quantal content of transmitter release, previously found to be characteristic of recently formed neuromuscular synapses in tissue cultures of vertebrate material (4, 5) .
An additional distinctive feature of neuromuscular synapses in these small limb buds was their fatigability. Continuous stimulation at 10 Hz resulted in a greatly diminished EPSP after 10-15 min. By contrast, EPSPs in a mature muscle gradually increased in size, as stimulation was continued, for at least 1-2 hr, without any sign of fatigue (14) .
In slightly larger limb buds (R = 8), some EPSPs were found that were relatively large, showed no complete failures of transmission, and showed little facilitation as the frequency of stimulation was increased above 1 Hz (Fig. 1C ). An "index of facilitation," Fe (10) , which is useful for comparing EPSPs of different muscle fibers, can be obtained by taking the ratio of mean EPSP amplitude at 10 Hz to mean EPSP amplitude at 1 Hz. In the present study, stimulation was given for relatively brief (5-10 sec) periods, to avoid the problem of synaptic fatigue. Fe values for EPSPs showing no transmission failures were low in small limb buds, ranging from 0.8-1.6 in those with R values of 8-11. These values of Fe are comparable to the values obtained for large, poorly facilitating EPSPs in completely regenerated or mature adult muscles (10) . The synapses responsible for generating large, poorly facilitating EPSPs appear to mature first in the regenerating stretcher muscle.
Limb The stimulation frequency in C,, C2, DI, and D2 is 10 Hz and in C3 and D3, it is 1 and 10 Hz. Calibration: Al, A2, 1 mV, 10 msec; B1, B2, 5 mV, 0.5 sec; C1, C2, 10 mY, 0.2 see; C3, 10 mV, 0.5 see; Di, D2, 5 mV, 0.2 see; D3, 2.5 mV, 0.5 sec.
tion was apparent as the frequency of stimulation was increased ( Fig. 1D) . Fe values for these responses ranged from 2.5-4.8.
In larger limb buds (R = 23-29), high Fe responses predominated, making up 80% of those sampled. The remainder were low Fe responses (Fe < 2). This situation was found also in newly regenerated stretcher muscles just after a molt, as well as in mature adult muscles (10) .
Our observations indicate that synapses responsible for generating high Fe EPSPs are still differentiating at and beyond the stage at which all fibers have some functional innervation (R = 11), whereas synapses responsible for low Fe EPSPs have differentiated before this stage. Therefore the differentiation of synapses may be governed by the time at which they are first formed, with those established early in development maturing into low Fe synapses and those established later maturing into high Fe synapses.
Ultrastructural features of synapses in regenerating crustacean muscles are similar in many respects to those formed de novo in vertebrate and invertebrate tissue cultures (1, 6, 8, 9) . Fig. 2 is a representative micrograph from the stretcher muscle of a small limb bud (R = 8), showing several muscle fibers with their nuclei and nerve terminals. The nerve terminals contain both agranular and dense-cored vesicles (Fig.  3) ; the latter decline in number in later limb-bud stages. A nascent neuromuscular synapse is visible on one of the terminals in Fig. 2 . At a higher magnification (Fig. 3) , this structure shows typical features of synaptic morphology: an ag- gregation of agranular vesicles against the presynaptic membrane, and electron-dense pre-and postsynaptic membranes. In many cases, electron-dense material was observed also within the synaptic cleft (present, but not well seen, in Fig.   3 ). For comparison, an example of a mature synapse from an adult muscle is shown in Fig. 4 . The length of the synapse (measured as the length of the electron-dense presynaptic membrane) is shorter in small limb buds than in mature adult muscles. In limb buds with R values of 7-8, 6 synapses were found, ranging in length from 0.1 to 0.3 Am. In these examples, only one synapse was seen on any synapse-bearing nerve terminal. In mature muscles, 25 synapses, ranging in length from 0.35 to 1.3 Am, were found. It was not uncommon to find 2 or 3 synapses on a nerve terminal. The difference in synapse length between mature and immature terminals was statistically significant (t-test, 1% level). It would thus appear that synapse length increases during development, and it is possible that the ultimate extent of the synapse is greater for those f6rmed earlier in development. Furthermore, it appears that the total number of synapses on each muscle fiber increases during development. A further indication of this was evident in the difficulty of locating synapses in early limb buds, compared with mature muscles.
Muscle-fiber differentiation was apparent when comparison was made between fibers in limb buds of different sizes. In small limb buds (R = 8, Fig. 2 ) myofibrils occur in clusters, and are separated and surrounded by large areas of granular sarcoplasm. Sarcomere length is short: 3.2 A 0.1 Mm (SEM). As maturation proceeds, myofibrils increase in number and become densely packed together; the relative amount of granular sarcoplasm decreases. Sarcomere length gradually increases, so that in limb buds of R = 25 a mean value of 4.9 + 0.1 Am (SEM) was measured. In the adult muscle, sarcomere lengths of 7.5 i 0.38 Mm and 10.7 i 0.38um were found for high and low F6 fibers, respectively.
Another feature of myogenesis is that in early limb buds, fibers appear to be nonuniform in their morphology, indicating different rates of maturation. Differences in the rate of maturation (perhaps correlated with time of innervation) may be of significance in accounting for the various types of muscle fibers in adult crustacean-limb muscles (15) . DISCUSSION From the data of the present study and those published (1-9), an hypothesis for synaptic differentiation in regenerating stretcher muscle can be formulated. In brief, synapses formed relatively early in development (probably by primary branches of the axon) develop into relatively large, low Fe types, whereas those formed later develop into smaller, high F6 types.
The electrophysiological records from the stretcher muscle of Grapsus indicate that recently formed synapses have a low quantal content of transmission, as in newly established neuromuscular junctions of tissue-cultured preparations (4, 5). The low quantal content is probably attributable to the smaller number of neuromuscular synapses present on newly regenerating muscle fibers and also to the relatively small size of the individual synapses. As maturation proceeds, quantal content of transmission increases, as does the number and extent of the neuromuscular synapses. Thus, there is a good correlation between physiological and morphological features of developing synapses, and it is probable that quantal content of transmission is related to the area of neuromuscular synaptic contact, as judged from electron microscopy of high-output and low-output adult neuromuscular synapses (16) , A definite temporal sequence in the differentiation of neuromuscular synapses was established by the electrophysiological observations. Proportionately more (66%) fibers impaled in small limb buds (R = 8) showed EPSPs of low F., while in large limb buds (R = 20-29), the majority of fibers (80%) showed EPSPs of high Fe. These results suggest that the time during development at which functional neuromuscular contacts are formed determines the type of synapse. Functional contacts formed early in development probably mature into low F6 synapses while those formed later probably are more likely to mature into high Fe synapses. It is possible that some muscle fibers receiving initially one or a few low Fe synapses may subsequently acquire a larger number of high F6 synapses as the innervation spreads during development. Such fibers may, in the mature condition, show an EPSP of intermediate or high Fe type. Other fibers fully innervated earlier or later than these would possess predominantly low F6 or high F, synapses, respectively. In this way, one can account for the presence of a broad continuous spectrum of EPSP types in the adult muscle (10) .
It is also possible to account for the relationship between synapse morphology and physiological performance with this hypothesis. It has been established that synapses on fibers of low Fe have a higher quantal content of transmission at low frequencies of stimulation than synapses on fibers of high Fe (16) (17) (18) . Furthermore, in at least one crab stretcher muscle (that of Hyas areneus) individual synaptic contact areas are longer on fibers of low Fe than on those of high F6 (16) . According to the present hypothesis, low F, synapses are formed earlier in development, and have more time during a critical stage in development to enlarge the area of the synapse. Thus at maturity, these synapses can liberate more transmitter at low frequencies of stimulation, from a larger area of synaptic membrane. (The total number of synaptic contacts on high and low F, muscle fibers has not been determined for crab muscles; this factor would influence the overall properties of the EPSPs at various frequencies of stimulation.)
We think it is also likely that occurrence of low and high Fe synapses is related to the branching pattern of the axon as it grows into the muscle. In the mature adult stretcher muscle, methylene blue staining has shown that large axonal branches often occur in the subsurface layers of muscle fibers, while finer branches arising from them innervate the superficial muscle fibers. Correlated with this is the regional distribution of fibers with high and low F6s: the superficial fibers have predominantly high Fe, while in the subsurface layers a significant number of fibers with low F6 occurs (10) . The patterns of innervation and axonal branching seen in mature adult muscles taken together with the sequential appearance of low and high F, synapses during regeneration suggest that during development the first neuromuscular contacts are formed by large primary branches while subsequent contacts are made by finer secondary and tertiary branches.
According to the above hypothesis, it is the axonal branching pattern together with the time of innervation that determines the differentiation of synaptic types in the regenerating stretcher muscle of Grapsus. A further goal of the hypo-thesis is to explain the matching of synaptic properties and muscle-fiber types. Muscle-fiber properties such as electrical excitability and sarcomere length are correlated with synaptic properties in many singly-motor-innervated crustacean muscles (15, 16) . Thus, long-sarcomere fibers tend to receive low Fe synapses. In Grapsus, the average sarcomere length for 11 low F8 fibers was 10.7 i 0.38 Am, compared with a mean of 7.5 ± 0.38 M&m for 10 high F8 fibers. (The means were significantly different at the 1% level as judged by t-test.) It is uncertain how the matching occurs. One possible explanation of this situation is that the branching occurs according to a genetically predetermined (and hormonally regulated) plan. The muscle-fiber properties in turn would be determined to at least some extent by the time during development at which they became innervated. Alternatively, the musclefiber population may be laid out in a genetically determined array and the axonal branching would necessitate the proper matching of nerve terminals and muscle fibers; in this case, the stage of maturation of the muscle fiber would determine whether or not it will accept innervation at a given time. An examination of how matching occurs during development would not only complement the present study on synaptic differentiation, but also provide insight into the intriguing problem of specificity of synaptic contacts. 
